Abstract: Lignin recovered from the hot-water extract of sugar maple (Acer saccharum) is used in this study to synthesize adhesive blends to replace phenol-formaldehyde (PF) resin. Untreated lignin is characterized by lignin content and nuclear magnetic resonance (NMR) analysis. The molecular weight distribution of the lignin and the blends are characterized by size exclusion chromatography (SEC). The effect of pH (0.3, 0.65 and 1), ex situ furfural, and curing conditions on the tensile properties of adhesive reinforced glass fibers is determined and compared to the reinforcement level of commercially available PF resin. The adhesive blend prepared at pH = 0.65 with no added furfural exhibits the highest tensile properties and meets 90% of the PF tensile strength.
Scheme 1.
Proposed mechanism of lignin-furfural condensation products: (A) xylose based carbohydrates breakdown to furfural; (B) lignin-lignin condensation takes place; and (C) lignin-lignin-furfural condensation product (adapted from [24, [26] [27] [28] ).
In the lignin-furfural resin system, lignin and furfural are proposed to replace phenol and formaldehyde used in PF resins, respectively. The lignin and furfural are reacted in acidic conditions. Under acidic conditions, higher electron density is created on the C2 and C6 carbons of the phenylpropanoid units. Two mechanisms are responsible for this phenomenon: The induction effect of the alkyl group at position 1 and the resonance effects of the electron pairs on the methoxy oxygen (Scheme 2) [29] . Therefore, the C2 and C6 positions on the ring represent reactive sites toward electrophilic substitution and will condense with the electrophilic aldehyde carbonyl carbon. A proposed mechanism of lignin-lignin condensation and lignin-furfural condensation is shown in Scheme 1. However, acidic conditions also result in depolymerization (acidolysis) of lignin. A carbonium ion at the β position is formed under acidic conditions by the proton-induced elimination of water (ether) from the benzylic position. The cleavage of the β-ether linkage in the β-O-4 structure results in the carbonium ion reacting further to form Hibbert ketones, analogous to an acidolysis reaction. This may lead to competing reactions of depolymerization and repolymerization of lignin [30] [31] [32] [33] [34] [35] [36] . Under acidic conditions, it is also expected that the xylose/xylose based oligomers/polymers which are likely to be present in the hardwood biorefinery lignin are converted to furfural to form an adhesive blend (Scheme 1).
(a) (b) Scheme 2. Mechanism that governs the presence of higher electron density on Position 2 and 6 on lignin phenylpropanoid units in acidic medium: (a) the induction effect of the alkyl group at Position 1; and (b) the resonance effect of the electron pairs on the methoxy oxygen [29] .
Considerable research has been conducted in the past to make adhesive blends using kraft lignin and lignosulfonates from hardwoods and agricultural residues [3, 5, 6, 37, 38] . There has been little success in industrial applications where most attempts are toward producing lignin-phenol-formaldehyde (LPF) resins. This lack of success can be attributed to economical and technical reasons. The mechanical properties provided by these lignin-based adhesives appear inferior in comparison to the PF resin. Kraft lignin and/or lignosulfonates, which are the traditionally produced sulfur-containing technical lignins, are the primary sources of lignin in most studies. These lignins, lacking active sites, are low in reactivity requiring longer curing times. The formulations also tend to be corrosive to the equipment [39, 40] . In addition, the presence of sulfur renders them hazardous for the environment. It is to be noted, however, that large quantities of lignin without sulfur are not readily available for use currently. At present, traditional pulping processes produce over 25 × 106 tons of sulfur-containing lignin in the United States, annually. The sulfur-free lignin that may be produced by growing lignocellulosic biorefineries may only be a fraction of this amount [10] .
Current literature reports two methods to synthesize lignin-based resins-the first method involves purifying lignin [4] and then modification by methylolation (hydroxymethylation) [41, 42] , phenolation [6, 43, 44] , and demethylation [45] . Modification is performed to improve reactivity of the lignin and the resulting highly pure and active products are used in the preparation of phenolic resins. However, performing modification procedures on lignin increases production costs making it a less viable option [5] . The second method is called the "catch all" pathway [46] , which utilizes unpurified lignin [6, 47] . The lignin that is used in this study is not modified or purified; therefore the method used here may be considered as the "catch all" pathway.
The aim of this study is to determine the viability of lignin to produce lignin-based adhesives as a replacement for PF resin and determine the amount of additional furfural required to form a condensation product of properties comparable to PF. The lignin fraction used in this study was recovered from different operations of the hot-water extraction pretreatment process proposed for a hardwood-based biorefinery. Due to the increased interest in the biorefinery, autohydrolysis lignin has been extensively studied. However, most literature reports results on the lignin fraction remaining in the lignocellulosic material after pretreatment [30, 36, 48, 49] . Comparatively, lesser work has been done on the lignin that is dissolved in the by-product stream; which is the subject of this study. Furfural is a projected product of the hardwood biorefinery [10] , however, furfural used as a cross-linking agent in this study was a commercially available product.
Results and Discussion

Characterization of Lignin
The lignin content of the lignin fraction recovered from the hot-water extract of sugar maple before (L) and after acid hydrolysis (LAH) was determined and is shown in Table 1 . The acid insoluble lignin content in both fractions is approximately the same, whereas the acid-soluble lignin content of LAH is higher than that in L, which might reflect different recovery methods. L is the retentate of the ultrafiltration process where low molecular weight fractions were lost. In contrast, LAH was recovered as the precipitate from the digester after acid hydrolysis of the permeate from the ultrafiltration process (see Experimental Section). The low molecular weight compounds may have been retained in LAH resulting in higher acid-soluble lignin content than in L. 2D heteronuclear single quantum coherence spectroscopy, nuclear magnetic resonance (HSQC NMR) spectra of the two lignin fractions (L and LAH) are shown in Figure 1 . It is important to note that there is a slight shift between the correlations assigned to the same structures. This is because acetylated L was dissolved in deuterated dimethyl sulfoxide, whereas acetylated LAH was dissolved in deuterated acetone prior to NMR analysis. It can be seen that most of the carbohydrate correlations observed in the spectrum of L are not detectable in the spectrum of LAH. This loss of carbohydrates is most likely the result of acid hydrolysis. Acid labile benzyl ether bonds between lignin and carbohydrates in lignin-carbohydrate complex (LCC) are susceptible to cleavage during acid hydrolysis [29, 50] . A relatively purer lignin, which is free of carbohydrate contamination, is obtained (Figure 1b) . However, these NMR data were not supported by the lignin content results as there are only minute differences between the lignin content of the two fractions (Table 1) .
It is also important to note that the β-O-4 correlations (A, Figure 1 ) appear weaker in the spectrum of the LAH fraction. This is expected as aryl ether bonds undergo cleavage to a certain extent in acidic conditions. Also, the β-O-4 bonds are the most abundant in lignocellulosic lignin in situ and in lignin dissolved during hot-water extraction [10, 30, [48] [49] [50] . Other than the correlations assigned to β-O-4 linkages, the G2 correlations are also diminished in the LAH fraction. This indicates a loss of hydrogen, potentially via condensation at the G2 position, which is suggested to occur in acidic conditions (Scheme 1) [29] . It seems that G2 participated in the condensation reactions more extensively than G6, S2 or S6.
The molecular weight of LAH is expected to be lower than L due to filtration and acid hydrolysis procedures. However, the cleavage of β-O-4 bonds and the condensation reaction at the G2 position may happen simultaneously, causing only a slight decrease in molecular weight of the LAH fraction ( Figure 2 ). Our previous studies showed that adhesive blends prepared from LAH performed better in terms of tensile properties compared to the L fraction even though lignin-lignin and/or lignin-furfural cross linking occurred in both fractions [51] . The same studies also showed that using formic acid at pH = 1 as a catalyst was better suited for developing tensile properties of adhesive blends than just hydrochloric acid at pH = 1. However, in this study, hydrochloric acid has been used in combination with formic acid for desired pH conditions. This report does not include data from experiments in which the L fraction was used to synthesize adhesives and studies which used only hydrochloric acid as a catalyst [51] . 
Molecular Weight Distribution of Adhesive Blends
Molecular weight distribution was determined for the nine adhesive blends prepared. All nine adhesive blends showed an increase in molecular weight compared to LAH ( Figure 3 ). Therefore, these results indicate that lignin-lignin and/or lignin-furfural cross linking took place in all cases. It can be seen that the bimodal nature of the untreated lignin was retained throughout the polymerization process. The bimodal distribution indicates that two fractions of higher and lower molecular weight were formed during the reaction. Figure 3a shows the molecular weight distribution of adhesive blends prepared at pH = 0.65 with 5% and 0% furfural (F5_065, and F0_065), compared with that of the untreated lignin (LAH). The molecular weight distributions of F5_065 and F0_065 are very similar, indicating almost an equal extent of polymerization, compared to LAH. The results point toward a possibility of competing reactions of cleavage of bonds (depolymerization) and cross linking (polymerization) occurring simultaneously [33] [34] [35] [36] [37] [38] [39] . It may be inferred that pH = 0.65 is a more suitable environment for these reactions to happen at almost the same reaction rate.
The effect of pH on the molecular weight is shown in Figure 3b ,c. Blends prepared without furfural in pH = 0.65 exhibit highest molecular weight followed by those in pH = 0.3 and then pH = 1 (F0_065 > F0_03 > F0_1) (Figure 3b ). This might indicate that pH = 1 is not a favorable condition for crosslinking to take place, therefore producing the lowest molecular weight blend. At pH = 0.3, the pH may be more favorable to increase the rate of reaction of polymerization thus increasing the molecular weight.
For blends prepared with 5% furfural, synthesis in pH = 0.3 results in the production of the highest molecular weight blend, followed by pH = 1 and then pH = 0.65 (F5_03 > F5_1 > F5_065) (Figure 3c ). It may be concluded that, independent of furfural presence during formulation of adhesives, blends prepared at pH = 0.3 have a higher molecular weight than those at pH = 1. This suggests that pH = 0.3 may be a more polymerization-favorable environment compared to pH = 1. Adding 5% furfural in pH = 0.3, only further promotes polymerization causing a further increase in molecular weight. Though pH = 1 F5_03, F5_065 and F5_1 ). 
Effect of Curing Pressure and Temperature on Mechanical Properties of Adhesive Reinforced Glass Fibers
The curing study of two pressures (1.9 MPa and 3.8 MPa) and two temperatures (180 °C and 150 °C) was conducted on formulations prepared with 5% and 0% furfural in pH = 0.3 and 1. The tensile testing was done on adhesive reinforced glass fibers. Figures 4a shows the effect of curing temperature on the mechanical properties of the adhesive blends prepared at pH = 0.3 and 1 with 5% furfural (F5_0.3 and F5_1) and with constant curing pressure of 1.9 MPa. Figure 4b shows the effect of curing pressure on the same blends (F5_0.3 and F5_1) with a constant curing temperature of 180 °C. The purpose of curing is to further promote the adhesive-adhesive and the adhesive-substrate (glass fiber) cross-linking process.
The tensile strength per gram (N/m·g) of the adhesive is calculated with the following equation: For both F5_1 and F5_03, decreasing the curing temperature from 180 °C to 150 °C compromised the tensile strength of the adhesives by 8% and 11%, respectively. This suggests that at the lower temperature, the rate of the curing process is slower, causing fewer cross links and thus causing a decrease in the tensile strength.
At both studied formulation pH conditions, increasing the curing pressure from 1.9 MPa to 3.8 MPa decreased the tensile strength by 20%. Samples pressed at the higher pressure (3.8 MPa) were brittle, compromising the tensile strength and causing catastrophic failure to occur earlier than for the samples pressed at the lower pressure (1.9 MPa). At the higher pressure, several adhesive-adhesive and adhesive-substrate cross links may have formed. Highly cross-linked polymers experience restricted motion and thus reduced elasticity. This can also be observed via the elastic modulus as samples with higher tensile strength have a lower elastic modulus and vice versa (Figure 4b ). It was observed that adhesive blends cured under the conditions 180 °C and 1.9 MPa performed better, than adhesive blends cured under other conditions.
Effect of pH on Mechanical Properties of Adhesive Reinforced Glass Fibers
The adhesive blends with and without furfural were formulated in three pH conditions, 0.3, 0.65 and 1, and their effect on the tensile strength and elastic modulus was determined compared to PF resin ( Figure 5 ). The curing conditions were kept constant at 180 °C and 1.9 MPa for all pH conditions. The formulation produced in pH = 0.65 with 0% furfural (F0_065) resulted in the highest strength of 10,053 N/m·g which is about 90% of the PF resin (11,133 N/m·g). At pH conditions of 0.3 and 0.65, adding 5% furfural ex situ (F5_03 and F5_065) compromised the tensile properties; therefore, experiments with higher amounts of furfural were not conducted at pH < 1. With 5% or 0% furfural, blends prepared at pH = 0.65 produced the best mechanical properties, followed by blends prepared at pH = 0.3 and then pH = 1 (pH 0.65 > pH 0.3 > pH 1). However, it is important to note that blends prepared at pH = 1 with 8% and 16% furfural also exhibited good mechanical properties ( Figure 5 ). This can be attributed to the high concentrations of furfural present in the blends which promoted the cross-linking process. At pH = 1, adding 5% (F5_1) furfural increased the tensile strength per gram by 110% compared to F0_1. The formulation with 8% furfural (F8_1) further improved the tensile strength by 167% and adding 16% furfural (F16_1) improved the strength by 185% compared to F0_1. At pH = 1, the reaction rate is slower and, therefore, additional furfural is required for the polymerization reaction, and these blends may contain lignin-furfural bonds in addition to lignin-lignin linkages.
The samples with 0% furfural produced at pH = 0.65 (F0_065) demonstrate a ~20% improved strength compared to those produced at pH = 0.3 (F0_03). The samples with 5% added furfural (F5_065), demonstrate ~9% increase in strength compared to the sample formulated at pH = 0.3 (F5_03).
Generally, at conditions pH below 1, the reaction rate seems to be high enough for cross-linking reactions to take place via lignin-lignin bonding and/or with the in situ furfural that maybe generated from xylose conversion (Scheme 1). It appears that the bonds formed in situ consume the reactive sites, and the additional furfural does not contribute toward improving tensile properties.
Along with tensile strength, a good elastic modulus is also desired to resist stress at the bond line. The PF resin has an elastic modulus of 3.9 GPa, which is higher than the best adhesive blend (F0_065) by only 8%. In general, samples exhibiting lower tensile strength exhibit higher elastic modulus ( Figure 5 ). It can be concluded that the lignin-based adhesive blends exhibit elastic moduli that lie in the desired range.
The effect of molecular weight was also observed on mechanical properties. In all cases, it was seen that an increase in molecular weight did not correspond to better mechanical properties (Figure 3) . In fact, in all cases lower molecular weight indicated better mechanical properties. Higher molecular weight could indicate more cross linking within the polymer-causing the adhesive to become more rigid-thus, affecting the tensile properties as flexibility and elasticity are reduced. This can be derived from the elastic modulus, which is highest with blends prepared at pH = 1 ( Figure 5 ) that show some of the lowest tensile properties. The trend of the effect of pH on the molecular weight is as follows: With no furfural: pH 0.65 > pH 0.3 > pH 1. With 5% furfural: pH 0.3 > pH 1 > pH 0.65. The trend of the effect of pH on tensile strength is as follows: No furfural: pH 0.65 > pH 0.3 > pH 1. With 5% furfural: pH 0.65 > pH 0.3 > pH 1. Even though, adding 5% furfural increases the molecular weight of blends prepared in pH = 0.3 and 1 than in pH = 0.65, the tensile strength is still lower compared to pH = 0.65. (Figures 3b,c and 5 ).
Experimental Section
Materials
Furfural was bought from Sigma-Aldrich (St. Louis, MO, USA). Glass fibers for mechanical testing were bought from Pall Corporation (New York, NY, USA). PF (Novolac resin, 99% phenol, 1% formaldehyde) was obtained from Advanced Polymers International (Syracuse, NY, USA).
Lignin Isolation and Characterization
The acid insoluble lignin content of L and LAH is determined by the Tappi Method T 222 om-02. Acid soluble lignin content is determined by measuring UV absorbance at 205 nm [56] . The L and LAH fractions were obtained from the following procedure conducted at our institute previously. Sugar maple (Acer saccharum) wood chips are subjected to hot-water extraction (160 °C, 2 h). Hot-water extraction was carried out in a Struthers-Wells 65 ft 3 stainless lined batch digester. During hot-water extraction, ~13% of lignin is dissolved in the extract [11] . The extract then undergoes ultrafitration via a membrane which is a Hilco HM634-01 with a pore size of 0.01 µm ceramic filter. The retentate is recovered, the pH dropped to 2 and centrifuged to obtain the L fraction. The permeate further undergoes nano-filtration. The permeate of the nano-filtration process is acid hydrolyzed with concentrated sulfuric acid (1.5% by mass of extract) at 130 °C for 45 min. The precipitate (LAH) formed is recovered with dissolution in acetone-water (1:1) mixture and steam stripped to remove the solvents. The recovered precipitate was used as received as the raw material (LAH) for making adhesive blends.
Preparation of Adhesives
Adhesive blends are made in a slightly modified manner in accordance with Johansson's method where 15%-34% sulfite liquor was reacted at pH = 0.3-0.6 with sulfuric or hydrochloric acid at temperatures of 90-160 °C. The resultant products were applied to wood chips, formed into sheets and cured at temperatures of 150-180 °C and pressures of 0.8 and 2 MPa [57] . In this study, duplicates of 25 g of lignin (LAH) from the biorefinery (~90% purity) ( Table 1 ) are subjected to acid hydrolysis at pH = 1 (20% formic acid), pH = 0.65 or 0.3. The reaction is carried out at 90 °C for 1 h with 0%, 5%, 8% or 16% furfural (Table 2) . To obtain pH = 0.3 and 0.65, concentrated hydrochloric acid is added to 20% formic acid until desired pH is reached. After the reaction is complete, the product is allowed to cool to room temperature and the pH is adjusted to 2 using 2 M NaOH solution. The adhesive product is then filtered via a Büchner funnel and washed with distilled water several times to remove any water soluble materials and unreacted furfural and then air-dried. The prepared adhesive blends and PF resin are then dissolved in acetone at 20% consistency for mechanical testing. Table 2 . Lignin-based adhesive blends studied in these experiments with their furfural content and reaction pH condition. The raw material used in these experiments was LAH (the fraction separated from sugar maple hot-water extract after acid hydrolysis). 
Mechanical Testing
The method for testing tensile strength is according to [6] and Tappi method T 494-om-01 with slight modifications. Glass filter fibers are cut into 4′′ × 1′′ strips, oven dried at 105 °C and weighed. The strips are then immersed in the prepared adhesive blends and the PF commercial resin for 5 min, removed and left to dry overnight. The dried strips are then pressed in an electric hydraulic press at different curing temperatures and pressures (Table 3 ). The pressed glass fibers are oven dried at 105 °C and weighed once again to determine the amount of adhesive absorbed by the glass fiber. The glass fiber strips are conditioned at 23 °C and 50% humidity. The strips are then tested in MTS 1/S Sintech tensile equipment for tensile properties. The inert glass fibers do not swell in water and any change can be associated with the resin and not the fiber substrate itself. Table 3 . The pH and curing conditions at which the experiments were carried out with 5% furfural and 0% furfural. Additional blends with 8% and 16% furfural prepared at pH = 1 were pressed at 1.9 MPa and 180 °C. 
Molecular Weight Distribution
The molecular weight distribution was determined using size exclusion chromatography (SEC). The columns used were Waters Styragel HR 0.5, HR 3 and HR 4E. The solvent used was tetrahydrofuran and the concentration of the sample was 1mg/mL. The dissolved samples were then filtered through 45 μm polyvinylidene fluoride (PVDF) filters. The detection method used was UV spectrophotometry with absorption at 280 nm. Polystyrene standards were used for calibration and a third order polynomial equation was used for quantification and the data was normalized. The samples were acetylated prior to SEC.
Nuclear Magnetic Spectroscopy (NMR)
All 2D HSQC NMR experiments were acquired at 30 °C on a Bruker AVANCE III 600 spectrometer (600 MHz 1H frequency, Bruker Biospin Corporation, Billerica, MA, USA) equipped with a 5 mm triple resonance z-gradient probe. Data was processed in Topspin v. 3.2 from Bruker Biospin. All samples were acetylated. L was dissolved in deuterated dimethyl sulfoxide and LAH was dissolved in deuterated acetone prior to NMR analysis.
Acetylation
Acetylation was carried out by subjecting the materials to a pyridine: Acetic anhydride (1:1) mixture for 24 h. The reaction was stopped by dropping the sample in ice-water and filtered via 15 mL gooch crucibles [58] . The maximum weight gain due to acetylation was observed to be 20%.
Conclusions and Future Work
Adhesive blends with sugar maple hot-water extracted lignin were synthesized as a potential replacement for PF resin. The effects of additional furfural as a cross linking agent, reaction pH conditions (0.3, 0.65 and 1), curing temperatures (180 °C and 150 °C), and pressures (1.9 MPa and 3.8 MPa) on mechanical properties of the adhesive reinforced glass fibers were studied. Molecular weight studies were performed on raw lignin material and the prepared adhesive blends. The raw lignin was also characterized by lignin content and 2D HSQC NMR.
We concluded from our previous findings that, adhesive blends prepared from lignin recovered from acid hydrolysis of hot-water extract (LAH) consistently performed better in reinforced glass fiber studies than the lignin recovered from crude hot-water extract by membrane separation (L). Therefore, only results obtained from LAH adhesive blends are reported here. The results showed that higher molecular weight of the adhesive blends was not an indicator of better mechanical properties. In fact, blends with lower molecular weight exhibited better mechanical properties. This could be due to extensive cross linking in high molecular weight blends, restricting motion of the polymer molecules thus compromising tensile strength.
Blends prepared at pH = 0.65 with 0% furfural and cured at 180 °C and 1.9 MPa exhibited the best mechanical properties among all other prepared adhesive blends (90% of PF strength). This may be due to the simultaneous competing reactions of polymerization and depolymerization taking place that produce adequate cross-linking reactions for comparable mechanical properties to those of PF. Lower curing reaction rates at the lower pressure and extensive cross linking at the higher pressure compromised the mechanical properties.
It is important to take into consideration that blends prepared at pH = 1 with 16% furfural also exhibit good mechanical properties; however, this could be attributed to the high concentration of furfural present. Therefore, it may be concluded that additional furfural (>16%) is required at pH = 1 to obtain comparable mechanical properties to PF whereas furfural may not be required below pH = 1 for comparable mechanical properties.
In order to improve mechanical properties, several future directions can be considered. Blends prepared at pH = 0.65 demonstrate the best properties; however, it may not be the optimum condition. Adhesive blends can be prepared at pHs between the ranges of 0.65-1 to determine where the optimum condition lies. Increasing the reaction temperature may also help improve the tensile properties. Glyoxal, which is a non-toxic aldehyde, can also be tested as a potential cross linker to enhance mechanical properties.
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